We evaluated the pharmacokinetics, pharmacodynamics, and safety of evolocumab, a fully human monoclonal antibody against proprotein convertase subtilisin kexin type 9 (PCSK9), in an open-label, parallel-design study in participants with normal renal function (n = 6), severe renal impairment (RI; n = 6), or end-stage renal disease (ESRD) receiving hemodialysis (n = 6) who received a single 140-mg dose of evolocumab. The effects of evolocumab treatment on lowdensity lipoprotein cholesterol (LDL-C) lowering and unbound PCSK9 concentrations were similar in the normal renal function group and the renally impaired groups. Geometric mean C max and AUC last values in the severe RI and ESRD hemodialysis groups compared with the normal renal function group were lower but within 37% of the normal renal function group (Jonckheere-Terpstra trend test; C max , P = .23; AUC last , P = .22) and within 26% after adjusting for body weight (mean body weight was approximately 9% higher in the renally impaired groups compared with the normal renal function group). No correlations were observed between exposure and baseline creatinine clearance. No adverse event was determined by the investigators to be related to evolocumab, and there were no trends indicative of clinically important effects on laboratory variables or vital signs. Overall, there were no meaningful differences in evolocumab exposure, as assessed by C max and AUC last , in patients with severe RI and ESRD hemodialysis compared with patients with normal renal function, and LDL-C-lowering effects were similar across groups. These results support the use of evolocumab without dose adjustment in patients who have severe RI or ESRD.
Evolocumab is a fully human monoclonal IgG2 antibody that specifically binds to human proprotein convertase subtilisin kexin type 9 (PCSK9), a protein that is primarily synthesized in the liver and secreted in the blood.
1 PCSK9 binds to the low-density lipoprotein (LDL) receptor, a major regulator of LDL cholesterol (LDL-C), enhances degradation of the LDL receptor, thereby lowering levels of the receptor in circulation and consequently increasing circulating levels of LDL-C. 2 Treatment with evolocumab, through its PCSK9-inhibitory effects, results in a significant reduction in LDL-C levels in patients with hypercholesterolemia. 3 Evolocumab, like other monoclonal antibodies, undergoes elimination by both linear and nonlinear pathways. As a result of binding to PCSK9, evolocumab exhibits nonlinear pharmacokinetics (PK). This saturable elimination pathway is predominately evident at doses less than 140-mg. 4 At higher doses, evolocumab primarily exhibits nonsaturable elimination by an endogenous IgG clearance mechanism. The maximum suppression of circulating PCSK9 occurs within 4 hours of a single subcutaneous dose of evolocumab. The clearance of evolocumab decreases as the dose and exposure of evolocumab increase. In phase 1 and 2 studies, approximately linear PK was observed for doses greater than 140-mg. 5 Because a portion of overall evolocumab clearance is mediated by PCSK9, differences in PCSK9 concentrations could have an impact on evolocumab PK and LDL-C lowering, and the impact of severe renal impairment (RI) or end-stage renal disease (ESRD) on PCSK9 is unknown.
Limited data are available on the effect of chronic RI on the PK and disposition of therapeutic monoclonal antibodies. The available clinical evidence supports a lack of effect of mild or moderate RI on the clearance of evolocumab, which is similar to the clearance of other large monoclonal antibodies. 4 Current US Food and Drug Administration recommendations offer minimal guidance on the disposition of therapeutic proteins in patients with RI. 6 The recommendations state that RI is not likely to change the PK of monoclonal antibodies enough to warrant an adjustment to dosage; however, a study to confirm this would be beneficial, especially when patients with chronic kidney disease are likely to use a therapeutic protein.
It is unknown whether evolocumab PK, or its effects on LDL-C and PCSK9 levels, are affected by chronic RI. This study was conducted to assess the impact of severe RI and ESRD on the PK, pharmacodynamics (PD), and safety of evolocumab and on the levels of LDL-C and PCSK9 after a single 140-mg subcutaneous evolocumab dose in patients on stable doses of a statin.
Methods
The institutional review board for this study, Schulman Associates Institutional Review Board (Cincinnati, Ohio), approved the study protocol and the informed consent form. All patients provided written informed consent before undergoing any study-related procedures, including screening procedures.
Study Design
This open-label, single-dose study was conducted in 1 center (Denver Nephrologists, Denver, Colorado) in the United States to evaluate the impact of renal function on evolocumab PK/PD. Participants were assigned to 1 of 3 renal function groups based on estimated glomerular filtration rate (eGFR): normal renal function (eGFR ࣙ 90 mL/min/1.73 m 2 ), severe RI (eGFR, 15-29 mL/min/1.73 m 2 ), and ESRD receiving hemodialysis (assessed using the Modification of Diet in Renal Disease formula). 7 Patients, aged 18 to 70 years, were required to have a body mass index of 18 to 35 kg/m 2 and an LDL-C value of 70 to 190-mg/dL (inclusive) and be on statin therapy at the time of screening. The statin dose must have been stable for ࣙ3 months before screening, expected to remain unchanged for the remainder of the study, and be consistent with the prescribing information for the respective statin. On study day 1, eligible patients received a single 140-mg subcutaneous dose (1 mL) of evolocumab (Amgen Inc., Thousand Oaks, California) administered into the anterior abdominal wall using an autoinjector. Samples were collected for PK, lipid, and PCSK9 analysis on days 1 (predose), 2, 3, 4, 6, 8, 11, 15, 22, 29, 43, 50 , and 57; PK and PCSK9 samples were also collected 4 hours postdose on day 1. Serum samples were collected for the measurement of antievolocumab antibodies on days 29 and 57. Baseline creatinine clearance (CrCl) was calculated using the Cockcroft-Gault formula. 8 The primary end points were maximum unbound serum concentration (C max ) and area under the concentration-time curve from time 0 to time of last quantifiable concentration (AUC last ), and secondary end points included area under the LDL-C effect-time curve from day 1 to 57 (AUEC day1-57 ), PCSK9 levels, and safety.
Analytical Methods
A central laboratory analyzed the lipids, high-density lipoprotein cholesterol, LDL-C, total cholesterol, and triglycerides. Antievolocumab antibodies were assessed at Amgen Inc.; PK analysis of evolocumab and assessment of PCSK9 levels were performed at PPD LP (Richmond, Virginia).
Unbound evolocumab concentrations in human serum were quantified using a validated enzyme-linked immunosorbent assay (ELISA) that used highly specific anti-idiotype antibodies for capture and detection of evolocumab. 9 As the anti-idiotype antibodies bound to the antigen-combining site of evolocumab, these antibodies do not bind to evolocumab bound to PCSK9. The accuracy (percentage difference from nominal concentration) and precision (percentage coefficient of variation) of the assay were ±15% and ࣘ15%, respectively, for standards and ±20% and ࣘ15%, respectively, for quality control samples. The lower limit of quantification of the ELISA assay was 800 ng/mL.
Unbound PCSK9 was measured in human serum using an ELISA method. 4, 10 In the assay, evolocumab was used for capture, and a second bioconjugated anti-PCSK9 antibody was used for detection to ensure PCSK9 bound to evolocumab was not measured. The accuracy and precision of the analytical method for the quantification of PCSK9 in human serum were ±15% and ࣘ20%, respectively, for standards and ±25% and ࣘ20%, respectively, for quality control samples. The lower limit of quantification for the assay was 15.0 ng/mL. Binding antibodies were detected by an electrochemiluminescence-based bridging immunoassay method using the Meso Scale Discovery platform (Meso Scale Diagnostics, LLC, Rockville, Massachusetts), which followed a 2-tiered assay approach consisting of a screening assay and a specificity assay. The sensitivities for the screening and specificity assays were 6 and 10.2 ng/mL, respectively, with a lower limit of reliable detection of 160 ng/mL.
Statistical Methods
Unbound evolocumab PK parameters C max , AUC last , area under the concentration-time curve from time zero to infinity (AUC inf ), and time to C max (t max ) were estimated using noncompartmental PK analysis methods in Phoenix WinNonlin version 6.3 (Pharsight Corporation, St. Louis, Missouri). AUC inf was determined in patients with mean extrapolated AUC < 20%. AUEC day1-57 for LDL-C was calculated for each patient using the following formula:
The variables include C i , value of the LDL-C at time t i ; C i-1 , value of LDL-C at the previous time of t i-1 ; t 1 , first time within the range; and t T , last time within the range; t 1 is day 1 predose for all patients, and t T is day 57 for all patients. All PK and PD data were log-transformed prior to statistical analysis. Analysis of variance was performed on the PK parameters AUC last , C max , and AUC inf . Ratios of the least-squares geometric mean differences and corresponding 90% confidence intervals (CIs) between the renally impaired groups (severe RI and ESRD receiving hemodialysis) and the normal renal function group were estimated. Nonparametric statistical tests are more appropriate to use with small sample sizes, as they require less assumption around data normality and equal variances. The nonparametric JonckheereTerpstra (JT) trend test is a rank-based nonparametric test used to determine if there is statistical significance between an independent variable, such as renal function, and a dependent variable, such as exposure. 11 In this study, the JT trend test was used to assess the effect of decreasing renal function (normal renal function > ESRD receiving hemodialysis > severe RI) on evolocumab exposure. The order of the JT test was prespecified in the clinical trial protocol and was based on prior knowledge of the severity of renal function. Regression analysis was used to assess the relationship between baseline CrCl and exposure. Only patients for whom a PK parameter could be derived were included in the statistical analyses.
PD end points (LDL-C and PCSK9) were analyzed using a repeated-measures mixed-effects model (independent variables: renal function group, time, and renal function group by time interaction; covariate: baseline value; and random effect: patient). Analysis of covariance model was performed on the log-transformed AUEC day1-57 data. The JT trend test evaluated the effect of decreasing renal function (normal renal function > ESRD receiving hemodialysis > severe RI) on PD data (baseline PCSK9, baseline LDL-C, and AUEC day1-57 ). Regression analysis was used to assess the relationship between baseline CrCl and AUEC day1-57 .
All statistical analyses were performed using SAS version 9.2 software (SAS Institute Inc., Cary, North Carolina); a P < .05 was considered significant.
Safety Analysis
The Medical Dictionary for Regulatory Activities, version 17.1, was used to code all adverse events (AEs) to a system organ class and a preferred term. The incidence of AEs was summarized for overall AEs, serious AEs, serious treatment-related AEs, and those leading to withdrawal from the study. The severity of each AE was graded using Common Terminology Criteria for Adverse Events, version 4.0. Table 1 summarizes baseline characteristics by renal function group. Eighteen patients were enrolled, including 6 in each of the normal, severe RI, and ESRD receiving hemodialysis groups. In this study, 61% of patients were men, 67% were white, and the mean ± standard deviation (SD) age of patients at baseline was 57.2 ± 9.6 years. Patients in the normal renal function group were younger and weighed less. Mean ± SD baseline LDL-C and PCSK9 levels of the patients were 115.8 ± 38.2 mg/dL and 458.0 ± 150.3 ng/mL, respectively.
Results

Baseline Characteristics
Serum Unbound Evolocumab Pharmacokinetics
Mean ± SD concentration-time PK profiles of unbound evolocumab are presented in Figure 1 . Individual values for C max , AUC last , and AUC inf are plotted in Figure 2 . A summary of PK parameters by renal function group is provided in Table 2 . After a single 140-mg subcutaneous dose, evolocumab was rapidly absorbed in all groups, with median t max between 3 and 5 days after dosing ( Table 2 ). The severe RI and ESRD receiving hemodialysis groups had geometric mean C max values that were approximately 35% and 33% lower, respectively, than the normal renal function group and AUC last values that were 37% and 35% lower, respectively. AUC inf values were 3% higher for the severe RI group and 33% lower for the ESRD receiving hemodialysis group than the normal renal function group. However, no significant trend was seen between C max or AUC last or AUC inf and decreasing level of renal function (P = .23, P = .22, and P = .77, respectively; Table 3 ), and there was overlap in exposure among the groups (Figure 2 ). However, due to the limited sample size in the severe RI group, in which AUC inf could not be calculated for 3 patients, caution should be used in the interpretation of these results. Scatterplots of log-transformed evolocumab C max and AUC last versus baseline CrCl are shown in Figure 3 . Renal function, as assessed by baseline CrCl, had no significant effect on C max (r 2 = 0.06, P = .33) and AUC last (r 2 = 0.03, P = .47).
Ultracentrifugation LDL-C Pharmacodynamics
Mean percent change from baseline in LDL-C over time for each renal function group is shown in Figure 4 . Nadir LDL-C mean percent change from baseline concentration was observed between study days 11 and 15 in each group. The maximum mean percentage change in LDL-C (95%CI) from baseline was −60% (−68% to −51%) in the normal renal function group, −58% (−66% to −48%) in the severe RI group, and −49% (−58% to −38%) in the ESRD receiving hemodialysis group. No significant difference in LDL-C AUEC day1-57 was observed when comparing patients with RI with those with normal renal function. Leastsquares geometric mean values of LDL-C AUEC day1-57 were 4440, 4090, and 4620 mg·day/dL for patients with normal renal function, severe RI, and ESRD receiving hemodialysis, respectively. Thus, the geometric mean LDL-C AUEC day1-57 ratios (95%CIs) of severe RI patients and ESRD patients were 0.92 (0.75-1.13) and 1.04 (0.86-1.26), respectively, compared with patients with normal renal function. No significant association was observed with AUEC day1-57 for LDL-C and decreasing level of renal function (JT trend test, P = .23), and renal function as assessed by baseline CrCl had no significant effect on AUEC day1-57 for LDL-C (r 2 = 0.11, P = .19). A scatterplot of log-transformed evolocumab AUEC day1-57 versus baseline CrCl is shown in Figure 3 . Figure 5 shows PCSK9 suppression following a single 140-mg subcutaneous dose of evolocumab. Mean percent change from baseline in PCSK9 concentration decreased rapidly in each renal function group 4 hours after the first dose (>73%), reaching a nadir of >94% from day 2 through day 11 before gradually returning toward concentrations seen at baseline. Similar magnitudes and durations of reduction in PCSK9 were seen for patients with RI and those with normal renal function.
PCSK9 Pharmacodynamics
Safety
AEs were reported in 4 patients: 1 patient with normal renal function (17%), 1 with severe RI (17%), and 2 with ESRD receiving hemodialysis (33%). A serious AE of hyperkalemia (6.3 mmol/L) was reported for 1 patient in the study (6%). The investigator attributed this event in a patient with severe RI to chronic kidney disease, and the event resolved with administration of sodium polystyrene sulfonate. The investigator determined that the AE was not related to study treatment, and the patient continued study participation. There were no trends indicative of clinically important effects on laboratory variables or vital signs, and no patient tested positive for antievolocumab antibodies. No AE was reported in more than 1 patient, and no patient discontinued evolocumab treatment because of an AE.
Discussion
In this study, mean systemic evolocumab exposure was lower in patients with severe RI and ESRD receiving hemodialysis compared with patients with normal renal function after a single 140-mg dose of evolocumab. Patients with severe RI and ESRD had geometric mean C max and AUC last that were within 37% of patients with normal renal function with no adjustment for body weight and within 26% after adjustment for body weight. Nonparametric analysis did not demonstrate a significant association between C max or AUC last with decreasing level of renal function (Table 3) . Of note, least-squares geometric mean evolocumab exposure values in patients with normal renal function were higher than recently reported. 9 This may be because of the small sample size and the large interpatient PK variability observed in this study. Patients in the normal renal function group weighed less than patients in the renally impaired groups. However, when PK values were adjusted for weight and the renally impaired groups were compared with the normal renal function group, the reduction was between 25% and 26% for C max and between 24% and 25% for AUC last . Renal function, as assessed by baseline CrCl, had no significant effect on the primary end points; thus, the exposures in RI are within the PK variability in the evolocumab development program. 4, 9 Glomerular filtration of monoclonal antibodies is limited by the size of the molecule; glomeruli normally restrict compounds greater than 70 kDa. 12 Thus, there is minimal renal filtration for monoclonal antibodies such as evolocumab (145 kDa). 12, 13 This is in contrast with typical small-molecule drugs, which are often excreted by the kidney and for which RI may increase drug exposure, possibly necessitating dose reduction. 14 Although it can be postulated that this filter might not be intact in patients with chronic kidney disease and renal elimination may not play a role, there was no trend for lower systemic exposure with increased proteinuria in the severe RI group. Furthermore, the lowest systemic exposure was observed in patients with ESRD receiving hemodialysis who had minimal renal filtration.
Evolocumab, like other monoclonal antibodies, is eliminated via protein catabolism into smaller peptides and amino acids following either nonspecific endocytosis into lysosomes or target-mediated clearance via its target, PCSK9. Mean baseline serum PCSK9 levels and the time course of PCSK9 lowering by evolocumab were similar in the normal renal function and renally impaired groups, indicating that target-mediated clearance of evolocumab is not affected by impaired renal function. To the best of our knowledge, the absorption of monoclonal antibodies is not known to be affected by RI, and furthermore, other studies have shown that the PK of IgG monoclonal antibodies is unaffected by RI. 14, 15 In this study, evolocumab effectively lowered LDL-C levels in patients with severe RI or ESRD receiving hemodialysis; the magnitude and timing of LDL-C lowering were consistent with those reported recently in a hepatic impairment study 16 and in other evolocumab clinical trials. 3, [17] [18] [19] The safety results of evolocumab in patients with severe RI and ESRD receiving hemodialysis were similar to those with normal renal function. No patients tested positive for antievolocumab antibodies, and no trends indicative of clinically important effects on laboratory parameters were observed. In addition, no AE was determined by the investigator to be related to evolocumab treatment.
Conclusions
After a single 140-mg subcutaneous dose, there were no meaningful differences in evolocumab exposure, as assessed by C max and AUC last . The PD, including LDL-C-lowering effects, and safety results of evolocumab in patients with severe RI and ESRD receiving hemodialysis were similar to patients with normal renal function. These results support the use of evolocumab in patients who have severe RI or ESRD receiving hemodialysis, and no dose adjustment is warranted in these patients.
